SEMICONDUCTOR DEVICE AND SEMICONDUCTOR SUBSTRATE, AND METHOD 
OF FABRICATING THE SAME 

DESCRIPTION 

CROSS-REFERENCE TO RELATED APPLICATIONS 

[Para 1] This application is a divisional application of U.S. Serial No. 

1 0/249,1 1 6, which was filed on March 1 7, 2003, which application is a 
divisional application of U.S. Serial No. 09/395,261 filed on September 14, 
1 999 and issued as U.S. Patent No. 6,61 7,1 82 on September 9, 2003, which 
application claims priority to Japanese Application Nos. 10-259907, filed 
September 1 4, 1 998, and 1 1 -1 33844, filed May 1 4, 1 999. 



FIELD OF INVENTION 

[Para 2] The present invention relates to a semiconductor device, more 

particularly to a nitride semiconductor device such as a blue laser and a fast- 
operation transistor, and to a method for fabricating the same. The present 
invention also relates to a semiconductor substrate and a fabrication method 
thereof to be used for the above-mentioned semiconductor device and a 
fabrication method thereof. 



BACKGROUND OF INVENTION 
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[Para 3] FIG. 4 is a cross sectional view illustrating a conventional 

semiconductor device 1000. In FIG. 4, a buffer layer 50 is provided on a 
substrate 1 made of sapphire. On the buffer layer 50, successively provided 
are an n-type GaN layer 2, an n-type AIGaN cladding layer 3, an n-type GaN 
light guiding layer 4, an active layer 5 made of n-type InGaN, a p-type GaN 
light guiding layer 6, a first p-type AIGaN cladding layer 7, a current 
constriction layer 8 having an opening 8a, a second p-type AIGaN cladding 
layer 9, and a p-type GaN contact layer 1 0. Furthermore, an n-type electrode 

1 1 is provided on the lower surface of the substrate 1 while a p-type electrode 

1 2 is provided on the upper surface of the p-type GaN contact layer 10. 

[Para 4] The buffer layer 50 is provided for relieving lattice mismatch 

between the substrate 1 and the n-type GaN layer 2, thereby facilitating crystal 
growth of the n-type GaN layer 2. The buffer layer 50 has substantially no 
direct influence on operation of the semiconductor device 1000. 

[Para 5] Since the active layer 5 is formed of a nitride semiconductor 

material, the semiconductor device 1 000 can serve as a laser emitting blue 
light (i.e., as a blue laser) when a voltage is applied between the n-type 
electrode 1 1 and the p-type electrode 1 2. 

[Para 6] As shown in FIG. 4, however, linear lattice defects 1 01 0 

existing in the substrate 1 extend upward as the n-type GaN layer 2, the n- 
type AIGaN cladding layer 3, and the like, are grown. Such linear lattice defects 
1 01 0 finally reach a portion of the n-type GaN active layer 5 under the 
opening 8a of the current constriction layer 8, the portion serving as an active 
region of the semiconductor device 1000 as a semiconductor laser. 

[Para 7] When the semiconductor device 1 000 requires a high current 

injection for its operation, for example, as a semiconductor laser, such a high 
current injection is likely to deteriorate the semiconductor device 1000 from a 
portion thereof having the lattice defect 1 01 0, and thus significantly reduce 
the life time and reliability thereof. 

[Para 8] In addition, when the semiconductor device 1 000 is supposed 

to serve as a fast-operation semiconductor transistor element, a gate region of 
the fast-operation semiconductor transistor element also is adversely affected 
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by the lattice defect so that a carrier mobility is decreased, thereby 
deteriorating the performance of the semiconductor transistor element. 

[Para 9] As described above, the existence of the lattice defect in the 

active layer of the semiconductor laser element, the gate region of the 
semiconductor transistor element, and the like which function as an active 
region in the semiconductor device 1 000 leads to a deterioration in the 
performance thereof. 



SUMMARY OF INVENTION 



[Para 10] The semiconductor device of this invention includes: a 
crystalline substrate including a primary surface and a crystal plane provided 
within the primary surface so as to have a surface orientation different from a 
surface orientation of the primary surface; a semiconductor layered structure 
grown over the crystalline substrate; and an active region provided at a portion 
in the semiconductor layer structure above the crystal plane. 

[Para 1 1 ] Preferably, the portion in the semiconductor layer structure at 
which the active region is provided contains fewer defects as compared to 
surrounding regions. 

[Para 1 2] In one embodiment, the crystal plane is a tilted surface which 
is tilted with respect to the primary surface of the crystalline substrate, and the 
active region is positioned above lattice defects which extend in a direction 
substantially perpendicular to the crystal plane. 

[Para 1 3] In one embodiment, a convex-and-concave structure is 
provided in the primary surface of the crystalline substrate, and the crystal 
plane is part of the convex-and-concave structure. 

[Para 14] A convex portion included in the convex-and-concave 
structure may have a forward mesa structure. 
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[Para 1 5] A convex portion included in tine convex-and-concave 
structure may liave a cross section in the shape of a triangle pointing upward 
from the primary surface of the crystalline substrate. 

[Para 1 6] The convex-and-concave structure may have a periodic 
structure. 

[Para 1 7] According to another aspect of the invention, a semiconductor 
device includes: a crystalline substrate; a first semiconductor layer provided on 
the crystalline substrate; a second semiconductor layer provided on the first 
semiconductor layer; and an active region provided in the second 
semiconductor layer, wherein each of the crystalline substrate and the first 
semiconductor layer includes a primary surface and a crystal plane provided at 
least within the primary surface so as to have a surface orientation different 
from a surface orientation of the primary surface. 

[Para 1 8] In one embodiment, the crystal plane of the first 
semiconductor layer is a tilted surface which is tilted with respect to the 
primary surface of the first semiconductor layer, and the active region is 
positioned above lattice defects extending in a direction substantially 
perpendicular to the crystal plane of the first semiconductor layer. 

[Para 1 9] In one embodiment, a convex-and-concave structure is 
provided over the crystalline substrate, and the crystal plane of the crystalline 
substrate or that of the first semiconductor layer is part of the convex-and- 
concave structure. 

[Para 20] In one embodiment, the crystal plane of the first 
semiconductor layer is positioned above the crystal plane of the crystalline 
substrate. 

[Para 21] A convex portion included in the convex-and-concave 
structure may have a forward mesa structure. 

[Para 22] A convex portion included in the convex-and-concave 
structure may have a cross section in the shape of a triangle pointing upward 
from the crystalline substrate. 
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[Para 23] The convex-and-concave structure may have a periodic 
structure. 



[Para 24] In the aforementioned semiconductor devices, the active 
region may be made of a III group nitride compound material, and serve as a 
light emitting region of a light emitting element. 

[Para 25] The active region may be made of a III group nitride compound 
material, and serve as a gate of a field effect transistor. 

[Para 26] The active region may be made of a III group nitride compound 
material, and serve as a base of a bipolar transistor. 

[Para 27] The active region may be made of a III group nitride compound 
material, and serve as a junction region of a diode. 

[Para 28] A method for fabricating a semiconductor device according to 
the present invention includes the steps of: forming a crystal plane on a 
primary surface of a substrate so that a surface orientation of the crystal plane 
is different from a surface orientation of the primary surface of the substrate; 
and forming a semiconductor layered structure made of a III group nitride 
compound material over the crystal plane and the primary surface of the 
substrate. 

[Para 29] In one embodiment, the crystal plane forming step includes 
the steps of: forming a mask having a predetermined pattern on the substrate; 
and selectively etching a portion of the substrate not covered with the mask. 

[Para 30] In one embodiment, the substrate is made of AlxGai-xN(0<x<l ), 
and the semiconductor layered structure forming step includes the step of 
forming an AlyGai-yN layer (0<y<l ) at a crystal growth temperature of about 
900°C or more. 

[Para 31] In one embodiment, the substrate is made of sapphire, silicon 
carbide, silicon, or gallium arsenide, and the semiconductor layered structure 
forming step includes the steps of: forming over the substrate, a first AUGai-aN 
layer (0<a<l) at a crystal growth temperature in a range of about 400 °C to 
about 900°C; and forming over the first AUGai-aN layer, a second AlbGai-bN 
layer (0<b<l ) at a crystal growth temperature of about 900 X or more. 
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[Para 32] In one embodiment, the semiconductor layered structure 

forming step includes the step of introducing an impurity to a predetermined 
portion of the semiconductor layered structure at a concentration of about 
1 cm-3 or less. 

[Para 33] In one embodiment, in the semiconductor layered structure 

forming step, a mole supply ratio of a V group source material to a III group 
source material (a V/lll ratio) is about 200 or more. 

[Para 34] According to another aspect of the present invention, a 
method for fabricating a semiconductor device includes the steps of: forming a 
first crystal plane on a primary surface of a substrate so that a surface 
orientation of the first crystal plane is different from a surface orientation of 
the primary surface of the substrate; forming a first semiconductor layer over 
the crystal plane and the primary surface of the substrate; forming a second 
crystal plane on a primary surface of the first semiconductor layer so that a 
surface orientation of the second crystal plane is different from a surface 
orientation of a primary surface of the first semiconductor layer; and forming a 
second semiconductor layer made of a III group nitride compound material 
over the second crystal plane and the primary surface of the first 
semiconductor layer. 

[Para 35] In one embodiment, the second semiconductor layer forming 
step includes the steps of forming a mask having a predetermined pattern on 
the first semiconductor layer, and selectively etching a portion of the first 
semiconductor layer not covered with the mask. 

[Para 36] In one embodiment, the substrate is made of AlxGai-xN 

(0<x<l), and the second semiconductor layer forming step includes the step of 
forming an AlyGai-yN layer (0<y<l) at a crystal growth temperature of about 
900 X or more. 

[Para 37] In one embodiment, the substrate is made of sapphire, silicon 

carbide, silicon, or gallium arsenide, and the second semiconductor layer 
forming step includes the steps of: forming over the substrate, a AUGai-aN 
buffer layer (0<a<l ) at a crystal growth temperature in a range of about 400 °C 
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to about 900 °C; and forming over the AUCai-aN buffer layer, a second AlbGai- 
bN layer (0<b<l) at a crystal growth temperature of about 900°C or more. 

[Para 38] In one embodiment, the second semiconductor layer forming 
step includes the step of introducing an impurity to the second semiconductor 
layer at a concentration of about 1 O^i cm-^ or less. 

[Para 39] In one embodiment, in the second semiconductor layer 
forming step, a mole supply ratio of a V group source material to a III group 
source material (a V/lll ratio) is about 200 or more. 

[Para 40] According to still another aspect of the present invention, a 
method for fabricating a semiconductor substrate is provided to include the 
steps of: forming a crystal plane on a primary surface of a substrate so that a 
surface orientation of the crystal plane is different from a surface orientation 
of the primary surface of the substrate; forming a semiconductor layer made 
of a III group nitride compound material over the crystal plane and the primary 
surface of the substrate; and separating the semiconductor layer from the 
substrate. 

[Para 41 ] In the aforementioned semiconductor device according to the 
present invention, the crystal plane provided within the primary surface of the 
substrate may extend along a <1 ,1 ,-2,0> direction. 

[Para 42] According to the present invention, a semiconductor layer in a 
semiconductor layered structure is grown in a certain direction in accordance 
with the shape of an upper surface of an underlying semiconductor layer 
including a primary surface and a tilted surface. In addition, a growth direction 
of a linear lattice defect in the overlying semiconductor layer also deviates 
from a normal direction of the primary surface of the underlying 
semiconductor layer. Thus, the overlying semiconductor layer is allowed to 
have a region where the density of lattice defects therein is reduced. This 
region containing reduced (i.e., fewer) defects can be used for forming an 
active region of the resultant semiconductor device, thereby resulting in 
improved operational characteristics. 
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[Para 43] Thus, the invention described herein mal<es possible the 
advantages of (1) providing a semiconductor device with a high degree of 
reliability and performance by reducing lattice defects in an active region of 
the semiconductor device; (2) providing a method for fabricating such a 
semiconductor device; and (3) providing a semiconductor substrate and a 
fabrication method thereof to be used for the above-mentioned semiconductor 
device and a fabrication method thereof. 

[Para 44] These and other advantages of the present invention will 
become apparent to those skilled in the art upon reading and understanding 
the following detailed description with reference to the accompanying figures. 



BRIEF DESCRIPTION OF DRAWINGS 



[Para 45] FIG. 1 is a cross-sectional view of a semiconductor device 
according to Example 1 of the present invention. 

[Para 46] FIGS. 2A, 2B(a), and 2B(b) are partial cross-sectional views of 
the semiconductor device shown in FIG. 1 for explaining a fabrication method 
thereof. 

[Para 47] FIGS. 3A through 3F are cross-sectional views illustrating a 
method of fabricating a semiconductor device according to Example 2 of the 
present invention. 

[Para 48] FIG. 4 is a cross-sectional view of a conventional 
semiconductor device. 

[Para 49] FIG. 5 is a cross-sectional view of a semiconductor device 
according to Example 3 of the present invention. 

[Para 50] FIGS. 6A through 6C are partial cross-sectional views 
illustrating a method of fabricating the semiconductor device shown in FIG. 5. 
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[Para 51] FIGS. 7A through 7F are cross-sectional views illustrating a 

method of fabricating a semiconductor device according to Example 4 of the 
present invention. 

[Para 52] FIG. 8 is a cross-sectional view of a semiconductor device 
according to Example 5 of the present invention. 

[Para 53] FIGS. 9A through 9F are cross-sectional views illustrating a 
method of fabricating a semiconductor device according to Example 6 of the 
present invention. 

[Para 54] FIG. 1 0 is a cross-sectional view of a semiconductor device 
according to Example 7 of the present invention. 

[Para 55] FIG. 1 1 is a cross-sectional view of a semiconductor substrate 
according to Example 8 of the present invention. 

[Para 56] FIGS. 1 2A through 1 2D are cross-sectional views illustrating a 
method of fabricating the semiconductor substrate shown in FIG. 1 1 . 

[Para 57] FIG. 1 3 is a cross-sectional view of a semiconductor substrate 
according to Example 9 of the present invention. 

[Para 58] FIG. 1 4 is a cross-sectional view of a semiconductor substrate 
according to Example 10 of the present invention. 

[Para 59] FIGS. 1 5A, 1 5B, 1 5C(a), 1 5D. and 1 5E are cross-sectional 

views, and FIG. 1 5G (b) is a perspective view, illustrating a method of 
fabricating the semiconductor substrate shown in FIG. 14. 

[Para 60] FIGS. 1 6A through 1 6C are cross-sectional views of the 
semiconductor device shown in FIG. 1 5D showing a state of lattice defects 
when a growth temperature is more than about 900 °C. 

[Para 61 ] FIGS. 1 7A through 1 7C are cross-sectional views of the 

semiconductor device shown in FIG. 1 5D showing a state of lattice defects 
when a growth temperature is about 900 °C or less. 

[Para 62] FIG. 1 8 is a cross-sectional view of a semiconductor device 
according to Example 12 of the present invention. 
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[Para 63] FIG. 1 9 is a graph showing a relationship between a material 
ratio and growth time of a semiconductor device according to Example 1 5 of 
the present invention. 



DETAILED DESCRIPTION 

[Para 64] The embodiments of the present invention will be described 
below with reference to the accompanying drawings. 



EXAMPLE 1 

[Para 65] FIG. 1 is a cross-sectional view illustrating a semiconductor 
device 1 00 as a semiconductor laser element according to Example 1 of the 
present invention. 

[Para 66] Referring to FIG. 1 , a substrate 1 is a hexagonal n-type GaN 

(0,0,0,1 ) substrate. There are linear lattice defects 1 1 0 in the substrate 1 . A 
stepped portion 100a is provided in an upper surface of the substrate 1 so as 
to form a concave-and-convex configuration. A stepped portion 1 00a includes 
a tilted surface 1 b (tilted crystal plane). Thus, the upper surface of the 
substrate 1 includes a primary surface 1 a and a tilted surface 1 b. 

[Para 67] An n-type GaN layer 2 with a thickness of 5 |jm is provided on 
the substrate 1 . On the n-type GaN layer 2, successively provided are an n- 
type AIGaN cladding layer 3 with a thickness of 0.5 [im (a mixed crystal ratio of 
Al to Ga is 1 0:90), an n-type GaN light guiding layer 4 with a thickness of 0.1 
Mm, an active layer 5 including an InGaN quantum well composed of InGaN 
layer(s) each with a thickness of 5 nm (not shown, a mixed crystal ratio of In to 
Ga is 5:95) and InGaN layer(s) each with a thickness of 5 nm (not shown, a 
mixed crystal ratio of In to Ga is 1 5:85), a p-type GaN light guiding layer 6 
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with a thickness of 0.05 [im, a first p-type AIGaN cladding layer 7 with a 
thickness of 0.05 |jm (a mixed crystal ratio of Al to Ga is 1 0:90), and a current 
constriction layer 8 with a thickness of 0.5 [im having an opening 8a with a 
width of 2 |jm. A portion of the active layer 5 in the vicinity of the opening 8a 
of the current constriction layer 8 includes an active region 5a of the resultant 
semiconductor laser. 

[Para 68] The current constriction layer 8 may have a conductivity type 
opposite to that of the first p-type AIGaN cladding layer 7, or have high 
resistance. A constituent material of the current constriction layer 8 may be a 
semiconductor material such as GaN and AIGaN, or an insulating material such 
as AIN and SiOz. The active layer 5 is composed of the InGaN quantum well, 
which may be a single quantum well or a multiple quantum well including two 
or more well layers. Alternatively, a bulk active layer may be used as the active 
layer 5. 

[Para 69] On the current constriction layer 8, a second p-type AIGaN 
cladding layer 9 (a mixed crystal ratio of Al to Ga is 1 0:90) with a thickness of 
1 |jm and a p-type GaN contact layer 1 0 with a thickness of 0.1 [im are 
successively formed. 

[Para 70] Furthermore, an n-type electrode 1 1 is attached to the lower 
surface of the substrate 1 while a p-type electrode 1 2 is attached to the upper 
surface of the p-type GaN contact layer 10. When a voltage is applied between 
the n-type electrode 1 1 and the p-type electrode 1 2, the active layer 5 emits 
light. 

[Para 71 ] In the semiconductor device 1 00 of the present example, the 
substrate 1 has the stepped portion 1 00a with the tilted surface 1 b which is 
tilted with respect to an axis perpendicular to the primary surface 1 a of the 
substrate 1 (i.e., the normal direction thereof). Thus, a crystal growth direction 
of the n-type GaN layer 2 is oriented toward a tilted direction in accordance 
with the tilt of the stepped portion 100a. Therefore, the linear lattice defects 
1 1 0 also extend toward the above tilted direction, which leads to formation of 
a low-defect region 1 20 in the n-type GaN layer 2 which contains relatively 
fewer (i.e., reduced) amount of lattice defects as compared to the remaining 
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regions in tPie n-type GaN layer 2. Furthermore, tPie low-defect region 1 20 is 
also formed in the n-type AIGaN cladding layer 3, the n-type GaN light guiding 
layer 4, and the active layer 5 which are epitaxially grown on the n-type GaN 
layer 2. The active region 5a is positioned in the low-defect region 1 20. Thus, 
the fewer amount of lattice defects 1 1 0 in the active region 5a improves the 
reliability of the semiconductor device 1 00. 

[Para 72] It is preferable to provide the active region 5a in a flat portion 
of the active layer 5. 

[Para 73] When alternate convex and concave configurations providing a 
plurality of stepped portions with tilted surfaces are periodically provided in 
the upper surface of the substrate 1 , it becomes possible to produce a plurality 
of the low-defect regions 120 periodically. By providing these periodic convex 
and concave configurations, a plurality of semiconductor laser elements can be 
periodically formed on the substrate 1 , resulting in an efficient fabrication 
thereof. 

[Para 74] When the stepped portion 1 00a is formed in the upper surface 
of the substrate 1 in such a way that an angle between the normal line of a 
primary surface la of the substrate 1 and the normal line of the tilted surface 
1 b of the stepped portion 1 00a is 90° or less, it is easy to epitaxially grow the 
n-type GaN layer 2. Hereinafter, a method for fabricating the stepped portion 
1 00a in such a manner will be described. 

[Para 75] FIGS. 2A, 2B(a), and 2B(b) illustrate steps of processing the 
upper surface of the substrate 1 . 

[Para 76] As shown in FIG. 2A, the upper surface of the substrate 1 is 
covered with a mask 1 3. Then, as shown in FIG. 2B(a), the upper surface of the 
substrate 1 is etched by side etching. As a result, a portion of the upper 
surface of the substrate 10 under the mask 1 3 is removed, resulting in the 
stepped portion 1 00a. Alternatively, after being covered with the mask 1 3, the 
upper surface of the substrate 1 is etched by selecting a condition such that 
the mask 1 3 is also etched, resulting in the stepped portion 100a, as shown in 
FIG. 2B(b). 
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[Para 77] Examples of surface orientations of tPie substrate 1 include a 
(1,1,1) plane, (-1,1,1) plane, (1,-1,1) plane, (-1,-1,1) plane, (1 ,1 ,-1 ) plane, (- 
1,1,-1) plane, (1 ,-1 ,-1 ) plane, and (-1 ,-1 ,-1 ) plane of cubic crystal, or a 
(0,0,0,1) plane and (0,0,0,-1) plane of hexagonal crystal, or the like. 

[Para 78] To produce the semiconductor device 1 00 according to 
Example 1 , examples of a crystal growth method include metal organic 
chemical vapor deposition (hereinafter referred to as MOCVD), molecular beam 
epitaxy (hereinafter referred to as MBE), hydride vapor phase epitaxy 
(hereinafter referred to as HVPE), and a combination thereof. 

[Para 79] A life test was conducted for the semiconductor device 1 00 
according to Example 1 and a conventional semiconductor device. A result of 
the life test will be described. 

[Para 80] In this life test, a number of semiconductor laser elements 
were operated to output a constant degree of light at a temperature of 1 OOX. 

[Para 81 ] About a half number of the conventional semiconductor laser 
elements ceased to operate within 1 000 hours after the start of the life test. 
The remaining half number of the conventional laser elements exhibited 
significantly deteriorated characteristics such as a 50% increase in an 
operational current on average. In contrast, all of the semiconductor laser 
elements according to the present invention still operated after 1000 hours 
passed since the start of the life test, having only a 2% increase in an 
operational current on average, thereby confirming that a significant 
improvement in characteristics was obtained. 



EXAMPLE 2 

[Para 82] A semiconductor device according to Example 2 of the present 
invention will be described, along with a fabrication method thereof, with 
reference to FIGS. 3A through 3F. 
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[Para 83] As illustrated in FIG. 3A, an AIN layer 1 4 with a thickness of 5 
|jm is formed on a (0,0,0,1) sapphire substrate 1 by MOCVD at a temperature 
of 1 000 °C. In the AIN layer 1 4, lattice defects 1 1 0 are generated due to a 
difference in a lattice constant between AIN and sapphire. 

[Para 84] As shown in FIG. 3B, a concave and convex structure 1 4a 

providing tilted surfaces is then provided for serving as a first stepped 
configuration on an upper surface of the AIN layer 14 by reactive ion etching. 
The concave and convex structure 1 4a has a periodic interval of 1 0 \im, a 
width of 2 |jm at a top surface of a convex portion (ridge) thereof which has a 
forward mesa structure, and a depth of 3 [ivn ata. concave portion thereof. A 
tilted surface of the concave portion of the concave and convex structure 14a 
extends along a <1 ,1 ,-2,0> direction. 

[Para 85] As shown in FIG. 3C, a GaN layer 1 5 with a thickness of 1 0 |jm 
is formed on the AIN layer 1 4 by MOCVD. As the GaN layer 1 5 is deposited, 
substantially all of linear lattice defects 1 1 0 of the GaN layer 1 5 on the concave 
portion of the AIN layer 14 extend toward and reach a middle portion over the 
concave portion of the AIN layer 14, and finally merge with each other into a 
single linear lattice defect 1 1 2. In the thus formed GaN layer 1 5, the linear 
lattice defects substantially only exist in the vicinity of the middle portion over 
the concave portion of the AIN layer 14 (linear lattice defect 1 1 2) and in the 
vicinity of a top surface of the convex portion of the AIN layer 14 (linear lattice 
defect 1 1 0). The remaining regions of the GaN layer 1 5 become low-defect 
regions 1 20. 

[Para 86] To further reduce the amount of the remaining lattice defects 
1 1 0 and 1 1 2, as shown in FIG. 3D, other convex portions each having a 
forward mesa structure are formed in the GaN layer 1 5, respectively, over 
every two of the low-defect regions 1 20 to produce another concave and 
convex structure 1 5a serving as a second stepped configuration. A periodic 
interval, width of a top surface of a convex portion, and depth of the concave 
and convex structure 1 5a are the same as those of the concave and convex 
structure 14a. 
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[Para 87] Thereafter, as shown in FIG. 3E, a GaN layer 1 6 with a 
thickness of 20 |jm is formed on the GaN layer 1 5 by HVPE. As the GaN layer 
1 6 is deposited, substantially all of linear lattice defects of the GaN layer 1 6 
originated from the linear lattice defects 1 1 0 and 1 1 2 extend toward and reach 
a middle portion over the concave portion of the concave and convex structure 
1 5a, and finally merge with each other into a single linear lattice defect 1 14, 
thereby further reducing the amount of the linear lattice defects. 

[Para 88] As shown in FIG. 3F, an undoped GaN layer 1 7 with a thickness 
of 2 |jm and an n-type GaN layer 1 8 with a thickness of 1 00 A are successively 
formed on the GaN layer 1 6 by MOCVD. On the n-type GaN layer 1 8, a gate 
electrode 19, a source electrode 20, and a drain electrode 21 are provided to 
obtain a complete semiconductor transistor element 200. 

[Para 89] A material for the gate electrode 1 9 is preferably a conductor 
material having a work function of 4.5 eV or more, preferably 5 eV or more, 
such as Au, Ni, Pt, Pd, and an alloy or compound thereof. A material for the 
source electrode 20 and the drain electrode 21 is preferably a conductor 
material having a work function of 5 eV or less, preferably 4.5 eV or less, such 
as Al, Ti, In, TIN, and an alloy or compound thereof. 

[Para 90] The gate electrode 1 9 which serves as a gate region of the 
semiconductor transistor element 200 of the present invention is formed in 
the vicinity of the low-defect region 1 20 in the n-type GaN layer 1 8. 
Therefore, fast operation characteristics of the semiconductor transistor 
element 200 are improved. 

[Para 91 ] By comparing a cut-off frequency of the semiconductor 
transistor element 200 according to Example 2 of the present invention with 
that of a conventional semiconductor transistor element having substantially 
no low-defect region, the semiconductor transistor device 200 can work at a 
frequency four times higher than that of the conventional transistor element. It 
may be understood that electron mobility is enhanced because of a reduction 
of the amount of lattice defects in the gate region serving as an active region 
of the semiconductor transistor element 200 in accordance with the present 
invention, thereby resulting in an increased operational frequency. 
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[Para 92] An operation test was conducted for the semiconductor 
transistor element 200 and the conventional semiconductor transistor element 
at a temperature of 700 °C. As a result, the conventional semiconductor 
transistor element ceased to operate within 1 000 hours after the start of the 
operation test. On the other hand, the semiconductor transistor element 200 
of Example 2 still maintained high-frequency characteristics thereof after 1000 
hours passed since the start of the operation test. 

[Para 93] In the above-described semiconductor transistor element 200, 
the concave portion of the concave and convex structure 14a and the concave 
portion of the concave and convex structure 1 5a each extend along the same 
direction as indicated by reference numeral 220 in FIG. 3F. (Direction 220 is 
referred to as the 'direction perpendicular to the drawing paper plane'.) 
Accordingly, the lattice defects 110, 112, and 1 1 4 can be merged with each 
other with respect to a direction indicated by reference numeral 210 in FIG. 3F, 
which is perpendicular to the direction 220 (Direction 21 0 is referred to as the 
'direction within the drawing paper plane',) Alternatively, when the concave 
portion of the concave and convex structure 14a and the concave portion of 
the concave and convex structure 1 5a are provided so as to be orthogonal to 
each other, the lattice defects 110, 112, and 1 1 4 can be further merged with 
each other with respect to the direction 220 perpendicular to the drawing 
paper plane. 

[Para 94] Examples of a shape of the concave and convex structure 1 4a 
and 1 5a include a grid, a hexagonal honeycomb, a circle, an irregular form, 
and the like other than a rectangular as described in Example 2. 

[Para 95] In order to obtain a larger low-defect region, a periodic 
interval of the concave and convex structure is set to be preferably as large as 
possible. 

[Para 96] In the above examples, the active layer of the semiconductor 
laser element or the gate region of the semiconductor transistor element (field 
effect transistor) is provided in the low-defect region as described above. 
Alternatively, a light emitting region of a light emitting diode, a base region of 
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a bipolar transistor, or a junction region of a diode may be provided in tPie 
low-defect region, resulting in the same effects as those described above. 



EXAMPLE 3 

[Para 97] FIG. 5 is a cross-sectional view illustrating a semiconductor 
device 300 according to Example 3 of the present invention. 

[Para 98] A substrate 1 is a hexagonal n-type GaN (0,0,0,1) substrate. 
Linear lattice defects 1 1 0 exist in the substrate 1 . A convex portion 300a 
having tilted surfaces with a surface orientation different from (0,0,0,1) is 
provided in an upper surface of the substrate 1 so as to provide a concave- 
and-convex configuration. Thus, the upper surface of the substrate 1 includes 
a primary surface la and the tilted surfaces 1 b. The convex portion 300a has a 
cross section in the shape of a triangle pointing upward from the primary 
surface 1 a of the substrate 1 . 

[Para 99] An n-type GaN layer 2 with a thickness of 5 [ivn is formed on 
the upper surface of the substrate 1 . On the n-type GaN layer 2, successively 
provided are an n-type AIGaN cladding layer 3 with a thickness of 0.5 pm (a 
mixed crystal ratio of Al to Ga is 10:90), an n-type GaN light guiding layer 4 
with a thickness of 0.1 pim, an active layer 5 including an InGaN quantum well 
composed of InGaN layer(s) (not shown) each with a thickness of 5 nm (a 
mixed crystal ratio of In to Ga is 5:95) and InGaN layer(s) (not shown) each 
with a thickness of 5 nm (a mixed crystal ratio of In to Ga is 1 1 5:85), a p-type 
GaN light guiding layer 6 with a thickness of 0.05 .mu.m, a first p-type AIGaN 
cladding layer 7 with a thickness of 0.05 |jm (a mixed crystal ratio of Al to Ga 
is 1 0:90), a current constriction layer 8 with a thickness of 0.5 [Jim including an 
opening 8a with a width of 2 |jm. A portion of the active layer 5 in the vicinity 
of the opening 8a of the current constriction layer 8 includes an active region 
5a of a semiconductor laser. 
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[Para 1 00] The current constriction layer 8 may be of a conductivity type 
opposite to tliat of the first p-type AIGaN cladding layer 7 or of high 
resistance. A material of the current constriction layer 8 may be a 
semiconductor material such as GaN and AIGaN, or an insulator material such 
as AIN and Si02. 

[Para 101] On the current constriction layer 8, a second p-type AIGaN 
cladding layer 9 (a mixed crystal ratio of Al to Ga is 1 0:90) with a thickness of 
1 |jm and a p-type GaN contact layer 1 0 with a thickness of 0.1 \im are 
successively formed. 

[Para 1 02] Furthermore, an n-type electrode 1 1 is attached to the lower 
surface of the substrate 1 while a p-type electrode 1 2 is attached to the upper 
surface of the p-type GaN contact layer 10. When a voltage is applied between 
the n-type electrode 1 1 and the p-type electrode 12, the active layer 5 emits 
light. 

[Para 1 03] In the semiconductor device 300 of the present invention, 
since the substrate 1 has the tilted surfaces 1 b which are tilted with respect to 
an axis perpendicular to the primary surface 1 a of the substrate 1 , a crystal 
growth direction of the n-type GaN layer 2 is oriented toward a tilted direction 
in accordance with the tilt of the tilted surfaces 1 b. Therefore, the linear lattice 
defects 1 10 also extend toward the above tilted direction, which leads to 
formation of a low-defect region 120 in the n-type GaN layer 2 which contains 
a relatively small (i.e., reduced) amount of lattice defects as compared to the 
surrounding regions. This low-defect region 120 is realized by the protrusion 
300a which causes the linear lattice defects 1 1 0 perpendicular to the (0,0,0,1 ) 
plane of the substrate 1 to bend so as to orient in the crystal growth direction 
of the n-type GaN layer 2. Furthermore, the low-defect region 1 20 is also 
formed in the n-type AIGaN cladding layer 3, the n-type GaN light guiding 
layer 4, and the active layer 5. 

[Para 104] When the active region 5a is positioned in the low-defect 
region 1 20, the fewer amount of linear lattice defects in the active region 5a 
can improve the reliability of the semiconductor device 300. It is preferable 
that the whole active region 5a is contained in the low-defect region 1 20. For 
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example, when the active region 5a is formed directly above the convex 
portion 300a, it is possible to contain the whole active region 5a in the low- 
defect region 1 20, thereby significantly improving the reliability of the 
semiconductor device 300. 

[Para 1 05] When the convex portions with the tilted surfaces are 
periodically provided in the upper surface of the substrate 1 so as to form 
periodic convex and concave configurations, it becomes possible to produce a 
plurality of the low-defect regions 1 20 periodically and also a plurality of the 
corresponding active regions 5a periodically. By providing these periodic 
convex portions, a plurality of semiconductor laser elements can be 
periodically formed on the substrate 1 , resulting in an efficient fabrication 
thereof. 

[Para 1 06] A method for fabricating the convex portion 300a will be 
described as follows. FIGS. 6A through 6C illustrate steps of processing the 
upper surface of the substrate 1 . 

[Para 107] First, as shown in FIG. 6A, a portion of the substrate 1 is 
covered with a mask 1 3. This mask 1 3 does not have a surface parallel to the 
primary surface la of the substrate 1 . As shown in FIG. 6B, the mask 1 3 as well 
as the substrate 1 are then etched by dry etching. When the mask 1 3 is 
completely removed by etching, the convex portion 300a is formed on the 
substrate 1 , as shown in FIG. 6C. The convex portion 300a does not have a 
surface parallel to the primary surface 1 a of the substrate 1 . 

[Para 1 08] Examples of surface orientations of the substrate 1 include a 
(1,1,1) plane, (-1 ,1 ,1 ) plane, (1,-1,1) plane, (-1,-1,-1) plane, (1 ,-1 ,-1 ) plane, 
(-1 ,-1 ,-1 ) plane, (1 ,-1,1) plane, and (-1 ,-1 ,-1 ) plane of cubic crystal, or a 
(0,0,0,1) plane and (0,0,0,-1) plane of hexagonal crystal, or the like. 

[Para 1 09] To produce the semiconductor device 300 according to the 
present invention, examples of a crystal growth method include MOCVD, MBE, 
HVPE, and a combination thereof. 

[Para 1 1 0] The same life test as applied to the semiconductor device 1 00 
in Example 1 was also conducted for the semiconductor device 300 according 
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to the present example. A result of the life test showed that the semiconductor 
laser element according to the present example has a 2% increase in an 
operational current on average, thereby confirming a significant improvement 
in reliability. 



EXAMPLE 4 

[Para 111] A semiconductor device according to Example 4 of the present 
invention will be described below, along with a fabrication method thereof, 
with reference to FIGS. 7A through 7F. 

[Para 112] As illustrated in FIG. 7A, an AIN layer 1 4 with a thickness of 5 
|jm is formed on a sapphire (0,0,0,1 ) substrate 1 by MOCVD at a temperature 
of lOOO'C. In the AIN layer 14, linear lattice defects 1 10 are generated due to 
a difference in a lattice constant between AIN and Sapphire. 

[Para 113] As shown in FIG. 7B, a concave and convex structure 1 4a 
providing tilted surfaces is then provided on an upper surface of the AIN layer 
1 4 by reactive ion etching for serving as a first stepped configuration. The 
tilted surfaces of the concave and convex structure 14a do not have a (0,0,0,1) 
plane of the AIN layer 14. The tilted surfaces of the concave and convex 
structure 1 4a extend along a <1 ,1 ,-2,0> direction. 

[Para 114] As shown in FIG. 7C, a GaN layer 1 5 with a thickness of 1 0 |jm 
is formed on the AIN layer 1 4 by MOCVD. As the GaN layer 1 5 is deposited, 
substantially all of linear lattice defects 1 10 of the GaN layer 1 5 on the concave 
portion of the AIN layer 14 extend toward and reach a middle portion over the 
concave portion of the AIN layer 14, and finally merge with each other into a 
single linear lattice defect 1 1 2. In the thus formed GaN layer 1 5, the linear 
lattice defects 1 1 2 substantially only exist in the vicinity of the middle portion 
over the concave portion of the AIN layer 14. The remaining regions of the GaN 
layer 1 5 become low-defect regions 1 20. 
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[Para 115] To further reduce the amount of the remaining lattice defects 
1 1 2, as shown in FIG. 7D, another concave and convex structure 1 5a including 
convex portions not having a (0,0,0,1) plane is formed in an upper surface of 
the GaN layer 1 1 5 in such a way that the linear lattice defects 1 1 2 are 
positioned in the newly provided concave portions. In Example 4, the periodic 
interval of the concave and convex structure 1 5a is two times as large as that 
of the concave and convex structure 14a. Thereafter, as shown in FIG. 7E, a 
GaN layer 1 6 with a thickness of 20 Mm is formed on the GaN layer 1 5 by 
HVPE. As the GaN layer 1 6 is deposited, substantially all of linear lattice 
defects of the GaN layer 16 originated from the linear lattice defects 1 2 extend 
toward and reach a middle portion over the concave portion of the concave 
and convex structure 1 5a, and finally merge with each other into a single 
linear lattice defect 1 14, thereby further reducing the amount of the linear 
lattice defects. 

[Para 116] As shown in FIG. 7F, an undoped GaN layer 1 7 with a thickness 
of 2 |jm and an n-type GaN layer 1 8 with a thickness of 1 00 A are successively 
formed on the GaN layer 1 6 by MOCVD. On the n-type GaN layer 1 8, a gate 
electrode 19, a source electrode 20, and a drain electrode 21 are provided to 
obtain a complete semiconductor transistor element 400. 

[Para 1 1 7] The highest operational frequency of the semiconductor device 
400 according to Example 4 of the present invention is equal to that of the 
semiconductor device 200 according to Example 2. As compared with a 
conventional semiconductor device, the highest operational frequency of the 
semiconductor device 400 is enhanced due to a reduction of linear lattice 
defects. 

[Para 118] A shape of the convex portion of the concave and convex 
structures 1 4a and 1 5a of Example 4 may be any shape that does not have a 
plane having the same orientation as that of the primary plane of the substrate 
1 , such as a sharp-pointed shape, a curved shape, or a combination of thereof. 
In those cases, the same reduction of linear lattice defects as described above 
is obtained. A shape of the concave portion of the concave and convex 
structures 1 4a and 1 5a of Example 4 may be any shape including a plane, a 
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sharp-pointed shape, a curved surface, or a combination of thereof, or the 
lil<e. In those cases, the same reduction of linear lattice defects as described 
above is obtained. 



EXAMPLE 5 

[Para 1 1 9] FIG. 8 is a cross-sectional view illustrating a semiconductor 
device 500 according to Example 5 of the present invention. 

[Para 1 20] A substrate 1 is a hexagonal n-type CaN (0,0,0,1 ) substrate. A 
stepped portion 500a is provided to form a concave-and-convex configuration 
with a tilted surface such that an angle between a normal line of a tilted 
surface 1 b of the stepped portion 500a and a normal line of a primary surface 
la of the substrate 1 is 90'. or more. An upper surface of the substrate 1 
includes a primary surface 1 a and the tilted surface 1 b. 

[Para 121] An n-type GaN layer 2 with a thickness of 5 |jm is formed on 
the substrate 1 . On the n-type GaN layer 2, successively provided are an n- 
type AIGaN cladding layer 3 with a thickness of 0.5 |jm (a mixed crystal ratio of 
Al to Ga is 1 0:90), an n-type GaN light guiding layer 4 with a thickness of 0.1 
|jm, an active layer 5 including an InGaN quantum well composed of InGaN 
layers (not shown) each with a thickness of 5 nm (a mixed crystal ratio of In to 
Ga is 5:95) and InGaN layer(s) (not shown) each with a thickness of 5 nm (a 
mixed crystal ratio of Al to Ga is 1 5:85), a p-type GaN light guiding layer 6 
with a thickness of 0.05 m^, a first p-type AIGaN cladding layer 7 with a 
thickness of 0.05 [im (a mixed crystal ratio of Al to Ga is 10:90), a current 
constriction layer 8 with a thickness of 0.5 |jm including an opening 8a with a 
width of 2 |jm. A portion of the active layer 5 in the vicinity of the opening 8a 
of the current constriction layer 8 includes an active region 5a of a 
semiconductor layer. 

[Para 1 22] The current constriction layer 8 may be of a conductivity type 
opposite to that of the first p-type AIGaN cladding layer 7 or of high 
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resistance. A material of tPie current constriction layer 8 may be a 
semiconductor material such as GaN and AIGaN, or an insulator material such 
as AIN and SlOz. 

[Para 1 23] On the current constriction layer 8, a second p-type AIGaN 
cladding layer 9 (a mixed crystal ratio of A! to Ga is 1 0:90) with a thickness of 
1 |jm and a p-type GaN contact layer 1 0 with a thickness of 0.1 [ivn are 
successively formed. 

[Para 1 24] Furthermore, an n-type electrode 1 1 is attached to the lower 
surface of the substrate 1 while a p-type electrode 1 2 is attached to the upper 
surface of the p-type GaN contact layer 1 0. When a voltage is applied between 
the n-type electrode 1 1 and the p-type electrode 1 2, the active layer 5 emits 
light. 

[Para 125] In the semiconductor device 500 of the present invention, due 
to the stepped portion 500a, a portion of linear lattice defects 1 1 0 existing in 
the substrate 1 is prevented from extending along a crystal growth direction of 
the n-type GaN layer 2. Thus, a low-defect region 1 20 which contains 
relatively fewer (i.e., reduced) amount of linear lattice defects than the 
surrounding regions is formed above the stepped portion 500a. Furthermore, 
the low-defect region 1 20 is also formed in the n-type AIGaN cladding layer 3, 
the n-type GaN light guiding layer 4, and the active layer 5. When the active 
region 5a is positioned in the low-defect region 1 20, the fewer amount of 
linear lattice defects in the active region 5a can improve the reliability of the 
semiconductor device 500. 

[Para 1 26] It is preferable that the active region 5a is positioned in a flat 
portion of the active layer 5. 

[Para 1 27] When the stepped portions 500a with the tilted surface are 
periodically provided in the upper surface of the substrate 1 , it becomes 
possible to produce a plurality of the low-defect regions 1 20 periodically and 
also a plurality of the corresponding active regions 5a periodically. By 
providing these periodic stepped portions, a plurality of semiconductor laser 
elements can be periodically formed on the substrate 1 , resulting in an 
efficient fabrication thereof. 
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[Paral28] Examples of orientations of the substrate 1 include a (1 ,1 ,1 ) 
plane, (-1,1,1) plane, (1,-1,1) plane, (-1 ,-1 ,1 ) plane, (1,1,-1) plane, (-1,1,-1) 
plane, (1 ,-1 ,-1 ) plane, and (-1 ,-1 ,-1 ) plane of cubic crystal, or a (0,0,0,1 ) 
plane and (0,0,0,-1 ) plane of hexagonal crystal, or the like. 

[Para 1 29] In order to produce the semiconductor device 500, examples 
of a crystal growth method include MOCVD, MBE, HVPE, and a combination 
thereof. 

[Para 1 30] The same life test as applied to the semiconductor device 1 00 
in Example 1 was conducted for the semiconductor devices 500 according to 
the present example. A result of the life test showed that substantially all of 
the semiconductor devices according to the present example operated after 
1 000 hours passed since the start of operation, and have a 2% increase in an 
operational current on average, thereby showing that a significant 
improvement in reliability was obtained. 



EXAMPLE 6 

[Para 131] A semiconductor device according to Example 6 of the present 
invention will be described below, along with a fabrication method thereof, 
with reference to FIGS. 9A through 9F. 

[Para 1 32] As illustrated in FIG. 9A, an AIN layer 1 4 with a thickness of 5 
|jm is formed on a sapphire (0,0,0,1) substrate 1 by MOCVD at a temperature 
of 1 000 °C. In the AIN layer 1 4, linear lattice defects 1 1 0 occur due to a 
difference in a lattice constant between AIN and sapphire. 

[Para 1 33] As shown in FIG. 9B, a concave and convex structure 1 4a 
providing tilted surfaces is then provided on an upper surface of the AIN layer 
14 for serving as a first stepped configuration. An angle between the normal 
line of the (0,0,0,1 ) plane of the substrate 1 and the normal line of a tilted 
surface 1 4b of a convex portion 600a is 90 or more. A periodic interval of the 
concave and convex structure 1 4a is 10 |Jiti- A width of an upper surface 1 4c 
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of the convex portion 600a is 2 |jm. A height of the convex portion is 3 

The tilted surface 14b of the concave and convex structure 14a extends along 

a <1 ,1 ,-2,0> direction. 

[Para 1 34] As shown in FIG. 9C, a GaN layer 1 5 with a thickness of 1 0 urn 
is formed on the AIN layer 1 4 by MOCVD. A portion of lattice defects 1 1 0 
under the tilted surface 14b is prevented from extending through the tilted 
surface 14b of the convex portion 600a, and does not reach an upper surface 
of the GaN layer 1 5. As the GaN layer 1 5 is deposited, substantially all of linear 
lattice defects 1 1 0 of the GaN layer 1 5 on a concave portion 1 4c of the AIN 
layer 1 4 extend toward and reach a middle portion over the concave portion of 
the AIN layer 14, and finally merges with each other into a single lattice defect 
1 1 2. In the thus formed GaN layer 1 5, the lattice defects substantially only 
exist in the vicinity of the middle portion over the concave portion 1 4c of the 
AIN layer 1 4 and in the vicinity of the middle portion over the protrusion 600a 
of the AIN layer 14. The remaining regions of the GaN layer 1 1 5 become low- 
defect regions 1 20. 

[Para 1 35] To further reduce the amount of the remaining lattice defects 
1 1 2, as shown in FIG. 9D, other convex portions 601 a are formed in the GaN 
layer 1 5, respectively, over every two the low-defect regions 1 20 to produce 
another concave and convex structure 1 5a serving as a second stepped 
configuration. A periodic Interval, width of a top surface of a convex portion, 
and depth of the concave and convex structure 1 5a are the same as those of 
the concave and convex structure 14a. Preferably, an angle between the 
normal line of the (0,0,0,1) plane of the substrate 1 and the normal line of a 
tilted surface 1 5b of the convex portion 601a Is 90° or more. 

[Para 1 36] Thereafter, as shown In FIG. 9E, a GaN layer 1 6 with a 
thickness of 20 |jm is formed on the GaN layer 1 5 by HVPE. A portion of lattice 
defects 1 12 under the tilted surface 1 5b Is prevented from extending through 
the tilted surface 1 5b of the convex portion 601 a. As the GaN layer 1 6 Is 
deposited, substantially all of linear lattice defects of the GaN layer 1 6 In the 
concave portion 1 5c extend toward and reach a middle portion over the 
concave portion 1 5c of the concave and convex structure 1 5a, and finally 



Page 25 of 59 



merge with each other into a single linear lattice defect 1 14, thereby further 
reducing the amount of the linear lattice defects. 

[Para 1 37] As shown in FIG. 9F, an undoped CaN layer 1 7 with a thickness 
of 2 |jm and an n-type GaN layer 1 8 with a thickness of 1 00 A are successively 
formed on the GaN layer 1 6 by MOCVD. On the n-type GaN layer 1 8, a gate 
electrode 1 9, a source electrode 20, and a drain electrode 21 are provided to 
obtain a complete semiconductor transistor element 600. 

[Para 1 38] The semiconductor device 600 according to Example 6 of the 
present invention has the highest operational frequency that is equal to that of 
the semiconductor device 200 according to Example 2. As in Example 2, the 
highest operational frequency of the semiconductor device 600 is enhanced 
because of increased electron mobility due to a reduction of the amount of the 
linear lattice defects. 



EXAMPLE 7 

[Para 1 39] A semiconductor laser device according to Example 7 of the 
present invention will be described below with reference to FIG. 10. 

[Para 1 40] Referring to FIG. 1 0, on a (0,0,0, 1 ) substrate 1 of hexagonal 
sapphire, an AIN buffer layer 22 with a thickness of 0.05 [Jim, an n-type GaN 
layer 23 with a thickness of 1 .0 [im, and a high-resistance Alo.2Gao.8N current 
blocking layer 24 with a thickness of 0.5 [im which has a window portion 700a 
in the shape of a stripe with a width of 1 .5 |jm are formed. The window portion 
700a provides tilted surfaces which are tilted with respect to upper surfaces of 
the current blocking layer 24. Linear lattice defects 1 1 0 extending 
substantially along a normal line of the substrate 1 are formed in the AIN 
buffer layer 22, the n-type GaN layer 23, and the current blocking layer 24. 

[Para 141] An n-type Alo.1Gao.9N cladding layer 3 is formed over the 
window portion 700a and upper surface 700b of the current blocking layer 24. 
Furthermore, on the cladding layer 3, successively provided are an n-type GaN 
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light guiding layer 4 with a thickness of 0.1 pim, an active layer 5 including an 
InGaN quantum well composed of lno.05Gao.95N layer(s) (not shown) each with a 
thickness of 5 nm and Ino.isGao.ssN layer(s) (not shown) each with a thickness 
of 5 nm, a p-type GaN light guiding layer 6 with a thickness of 0.05 [im, a p- 
type Alo.1Gao.9N cladding layer 7 with a thickness of 0.8 |jm, and a p-type CaN 
contact layer 1 0 with a thickness of 0.5 jjm. 

[Para 142] Furthermore, ohmic electrodes 1 1 and 1 2 are formed on the n- 
type GaN layer 23 and the p-type GaN contact layer 10, respectively. When a 
current passes between the ohmic electrodes 1 1 and 1 2, a portion of the active 
layer 5 directly above the window portion 700a which is an active region emits 
light. When the current is sufficiently increased, laser oscillation occurs. 

[Para 143] In Example 7, the current blocking layer 24 has the window 
portion 700a which includes stepped portions 24a. A crystal growth direction 
of the cladding layer 3 is tilted due to a tilted surface 24b of the stepped 
portion 24a of the window portion 700a. Accordingly, linear lattice defects 1 1 0 
at the window 700a also extend in a tilted direction in accordance with the tilt 
of the tilted surface 24b of the stepped portion 24a, thereby fabricating a low- 
defect region 1 20 where there is a relatively small amount of lattice defects. 
The linear lattice defects extend from both sides of the window 700a toward a 
middle portion over the window portion 700a, and merge with each other into 
a single linear lattice defect 1 12, thereby reducing the number of the linear 
lattice defects 1 1 0. As a result, the number of the lattice defects 1 1 0 which 
pass through the active region is further reduced as compared to when the 
window portion 700a is not provided, thereby improving a life of the 
semiconductor laser device 700. 

[Para 1 44] When a number of the semiconductor devices 700 of the 
present example were continuously operated to output a constant power of 
light at 30 mW at a temperature of 1 00 "C., substantially all of the 
semiconductor devices 700 stably operated with an increased operational 
current by 2% or less after 1 000 hours passed since the start of operation. 
Thus, a large improvement in the reliability of the semiconductor device 700 
was confirmed. 
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[Para 145] In the above-described semiconductor device 700, tPie current 
blocl<ing layer 24 is made of AIGaN in which a mole fraction of Al in the 
composition is higher than that in the cladding layer 3. When the current 
blocking layer 24 has an AIGaN composition including an Al mole fraction 
equal to or smaller than that of the cladding layer 3, the number of linear 
lattice defects which pass through the active layer 5 is also reduced, thereby 
improving the reliability of the semiconductor device 700. Moreover, a 
refractive index of the window portion 700a can be set higher than that of the 
current blocking layer 24 so that an effective refractive index difference is 
generated between the window portion 700a and the current blocking layer 
24. Therefore, it is possible to confine light generated in the active layer 5 
within a stripe of the window portion 700a, thereby reducing a threshold of a 
current required to generate laser oscillation. 

[Para 146] In the semiconductor laser device 700 of Example 7, the 
current blocking layer 24 is of high resistance, but may be of p-type where the 
same effects as described above can be obtained. 

[Para 147] Furthermore, each layer may have reversed conductivity from 
the above-described corresponding layer. That is, the GaN layer 23 and the 
cladding layer 3 may be of p-type; the current blocking layer may be of high 
resistance or of n-type; and the cladding layer 7 and the contact layer 1 0 may 
be an n-type nitride compound semiconductor. 

[Para 148] Furthermore, although the active layer 5 is made of InGaN and 
the other layers are made of AlxGai-xN (0<x<l), each layer may be generally 
made of nitride compound semiconductor represented by BuAlvGawlni-u-v-wN 
(0<u<l , 0<v<l , 0<w<l). 



EXAMPLE 8 



[Para 149] FIG. 1 1 is a cross-sectional view illustrating a semiconductor 
substrate according to Example 8 of the present invention. A method for 
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fabricating tliis semiconductor substrate will be described below with 
reference to FIGS. 1 2A through 1 2D. 

[Para 1 50] FIG. 1 2A shows a hexagonal crystalline GaN (0,0,0,1 ) substrate 
1 where liner dislocations 1 10 reach an upper surface of the substrate 1 and 
have a density of about 1 xl 0^ cm-2. A mask 1 3 made of photoresist is 
provided on the substrate 1 using photolithography as shown in FIG. 1 2B. In 
this example, the mask 1 3 has a width of 8 [im, and an opening 1 3a with a 
width of 1 6 M^- 

[Para 151] By reactive ion etching using a BCh gas, the substrate 1 is 
etched away to a depth of 1 [im only under the opening 1 3a of the mask 1 3. 
Consequently, a concave and convex structure is produced so as to have 
periodic convex portions (ridges) 800a, each having a forward mesa structure 
with a width of 7 |jm and a height of 1 |jm and providing tilted surfaces, and 
concave portions 800b each with a width of 1 7 |jm, as shown in FIG. 1 2C. The 
width of the convex portion 800a becomes smaller than the width of the mask 
1 3, because a portion of the substrate 1 under the mask 1 3 is side-etched. 

[Para 1 52] After removal of the mask 1 3, a GaN layer 25 is grown so as to 
cover the concave portions 800b and the convex portions 800a. For the growth 
of the GaN layer 25, MOCVD equipment can be used, but it is not limited 
thereto. Source materials for the GaN layer 25 are, for example, 
trimethylgallium and ammonia, and hydrogen is used as a carrier gas. 
Trimethylgallium and ammonia are introduced into a growth chamber of the 
MOCVD equipment under such conditions that a mole supply ratio of 
trimethylgallium and ammonia is Ga:N=l :5500 and a temperature in the 
growth chamber is 1 000 °C. The GaN layer 25 is grown for 3 hours at a growth 
rate of 2 |jm per hour on the (0,0,0,1) plane of the substrate 1 (FIG. 12D). 

[Para 1 53] In the above growth process, the linear lattice defects 
originated from the substrate 1 merges into a streak 1 1 2 in the GaN layer 25. 
Accordingly, low-defect regions 1 20 are formed in the GaN layer 25, resulting 
in the same structure as shown in FIG. 1 1 . 

[Para 1 54] A material of the mask 1 3 may be SiOz or Au other than the 
photoresist indicated in the above. Other than BCh indicated in the above, a 
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gas used for reactive ion etching may be a gas including chlorine, such as Cb 
or SiCU. 



EXAMPLE 9 

[Para 1 55] FIG. 1 3 is a cross-sectional view illustrating a semiconductor 
substrate according to Example 9 of the present invention. 

[Para 1 56] Using the same procedure as described in Example 8, a first 
concave and convex structure is produced to include first periodic convex 
portion 900a, each having a forward mesa structure with a width of 7 |jm and a 
height of 1 [xm and providing tilted surfaces, and first concave portions 900b 
each with a width of 1 7 |jm. A GaN layer 25 is then grown thereon for 3 hours. 
Thereafter, in the same way as used for forming the first concave and convex 
structure, a second concave and convex structure is produced to include 
second periodic convex portions 901a each having a forward mesa structure 
with a width of 7 pm and a height of 1 pm, providing tilted surfaces, and 
second concave portions 901 b each with a width of 1 7 urn. In this case, the 
second convex portion 901a is contained at least partially, but preferably 
completely, in a low-defect region 1 20. In Example 9, the second convex 
portion 901a is laterally shifted by 8 [im with respect to the corresponding 
convex portion 900a as shown in FIG. 1 3 so that the second convex portion 
901 a is completely contained in the low-defect region 1 20. A GaN layer 26 is 
then grown on the GaN layer 25 for 3 hours under the same conditions as used 
for the GaN layer 25. 

[Para 157] As described above, by providing the second concave and 
convex structure, the GaN layer 26 is allowed to have larger low-defect regions 
than those of the GaN layer 25. 
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EXAMPLE 10 



[Para 1 58] FIG. 1 4 is a cross-sectional view illustrating a semiconductor 
substrate according to Example 10 of the present invention. A method for 
fabricating this semiconductor substrate will be described below with 
reference to FIGS. 1 5A through 1 5E. 

[Para 1 59] FIG. 1 5A shows a hexagonal crystalline GaN (0,0,0,1 ) substrate 
1 . As shown in FIG. 1 5B, an Alo.5Gao.5N layer 27 with a thickness of 1 .5 [im is 
grown on the substrate 1 . For this growth, the same MOCVD equipment as 
used in Example 8 can be used, but it is not limited thereto. Source materials 
of the Alo.5Gao.5N layer 27 are, for example, trimethylgallium, 
trimethylaluminium and ammonia, and a supplied gas including these source 
materials has a mole supply ratio of Ga:AI:N=0.5:0.5:5500. In this case, the 
resultant Alo.5Gao.5N layer 27 has a flat surface without a crack. 

[Para 160] Thereafter, as shown in FIG. 1 5C(a), convex portions providing 
tilted surfaces, i.e., protrusions 27a each having a forward mesa structure with 
a height of 2 |jm are formed in the Alo.5Gao.5N layer 27 by the same reactive ion 
etching as described in Example 8. The protrusions 27a are arranged in a 
checker board pattern as shown in FIG. 1 5G(b). A depth of the protrusion 27a 
is larger than that of the Alo.5Gao.5N layer 27, so that a bottom of the 
protrusion 27a reaches the GaN substrate 1 . An Alo.5Gao.5N layer 28 with a 
thickness of 30 |jm is grown on the Alo.5Gao.5N 27 as shown in FIG. 1 5D. In this 
case, low defect regions 1 20 are produced as described in Example 8. 

[Para 161] When a height of the protrusion 27a is 1 |jm, a bottom of the 
protrusion 27a does not reach the substrate 1 and thus the substrate 1 is not 
exposed. Since the thickness 30 |jm is considerably thick, a difference in a 
lattice constant between GaN and Alo.5Gao.5N causes cracks in a surface of the 

Alo.5Gao.5N layer 28. 

[Para 162] As described above, when a height of the protrusion 27a is 
larger than a thickness of the Alo.5Gao.5N layer 27, a crack does not occur in a 
surface of the Alo.5Gao.5N layer 28. This case will be described in greater detail. 
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[Para 163] As shown in FIG. 1 5E in whicii lattices are schematically 
illustrated with lines 210, lattice mismatch between the protrusion 27a and the 
CaN substrate 1 is relieved when the Alo.sGao.sN layer 27 is formed in a checker 
board pattern. Whereas a lattice match is established at an interface between 
the Alo.5Gao.5N layer 27 and the Alo.5Gao.5N layer 28, a lattice mismatch occurs 
at an interface between the GaN substrate 1 and the Alo.5Gao.5N layer 28. Thus, 
When the protrusion 27a is formed beyond the Alo.5Gao.5N layer 27, a 
difference in a lattice constant between the GaN substrate 1 and the Alo.5Gao.5N 
layer 28 is reduced, thereby preventing a crack from occurring in the 
Alo.5Gao.5N layer 28. In view of the above-described mechanism, the same 
effects as described above are obtained when the semiconductor layers 27 and 
28 are made of AIGaN having a different composition from Alo.5Gao.5N, or 
further, made of other materials. 



EXAMPLE 1 1 

[Para 164] A semiconductor device according to Example 1 of the present 
invention will be described below with reference to FIGS. 1 6A through 1 6C and 
FIGS. 1 7A through 1 7C. 

[Para 1 65] In this example, semiconductor devices according to the 
present invention were produced using a GaN crystalline substrate, an 
Alo.5Gao.5N crystalline substrate, or an AIN crystalline substrate as a crystalline 
substrate 1 , each of which has a defect density of about 1 xl 0^ cm-2, and GaN, 
Alo.5Gao.5N, or AIN as a semiconductor layer 25. The same life test as described 
in Example 1 was conducted for all possible combinations of the above- 
mentioned substrate 1 and semiconductor layer 25. A temperature for growth 
of the semiconductor layer 25 was in a range of 700°C to about 1 1 00°C. 

[Para 1 66] In any of the above-described combinations, when a 
temperature for growth of the semiconductor layer 25 exceeds about 900 °C, a 
convex portion 27 having a forward mesa structure with tilted surfaces is 
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buried in tPie growing semiconductor layer 25 as sliown in FIGS. 1 6A and 1 6B, 
and an upper surface of the resultant semiconductor layer 25 becomes flat as 
shown in FIG. 1 6C, while lattice defects 1 1 0 bend so that low-defect regions 
1 20 are produced in the semiconductor layer 25. However, in any of the 
above-described combinations, when a temperature for growth of the 
semiconductor layer 25 is about 900°C or less, a growth process proceeds so 
that an upper surface of the grown semiconductor layer 25 does not become 
flat due to the underlying convex portion 27 having a forward mesa structure, 
and lattice defects 1 1 0 do not bend, as sequentially shown in FIGS. 1 7A, 1 7B, 
and 1 7G. In this case, there is substantially no reduction of lattice defects 1 1 0. 

[Para 1 67] As described above, when the semiconductor layer 25 made of 
any of the above-described materials is grown on the substrate 1 that is made 
of any of the above-described materials and has the convex portion 27, a 
temperature of growth of the semiconductor layer 25 is required to exceed 
900 °C. so that an upper surface of the semiconductor layer 25 becomes flat 
and the lattice defects 1 1 0 are allowed to laterally bend. 



EXAMPLE 1 2 



[Para 1 68] A semiconductor device according to Example 1 2 will be 
described below with reference to FIG. 1 8. 

[Para 1 69] A substrate 1 shown in FIG. 1 8 is made of sapphire and 
includes steps. The substrate 1 is produced by heating a sapphire substrate 
having an upper surface tilted by 2° at a temperature of 1 300 °C. for 1 0 hours 
under a reducing atmosphere such as a hydrogen gas atmosphere. In such a 
heating process, microsteps of the order of atoms in the tilted upper surface 
of the substrate 1 are combined with each other, thereby fabricating steps 38 
each exhibiting a tilted surface 37 and having a difference in level of 0.1 |jm or 
more. 
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[Para 1 70] An experiment was conducted for growing an Alo.5Gao.5N layer 
29 on tPie substrate 1 at a temperature in a range of 350 °C. to 1 000 °C. WPien 
the temperature was less than 400 °C, the Alo.5Gao.5N layer 29 did not grow. 
When the temperature was more than about 900 °C., the Alo.5Gao.5N layer 29 
grew in an island-like shape. Therefore, a temperature of growth of the 
Alo.5Gao.5N layer 29 is preferably set between about 400 °C and about 900 °C. 

[Para 171] When the growth temperature of the Alo.5Gao.5N layer 29 is 
about 900 °C or less, a lattice defect 1 1 0 does not bend and thus a low-defect 
region is not produced as described above in Example 1 1 . For this reason, 
after the growth of the Alo.5Gao.5N layer 29, the Alo.5Gao.5N layer 25 is grown at 
a temperature of about 900 °C or more, whereby lattice defects 1 10 bend and 
low-defect regions 1 20 are produced. 

[Para 1 72] Although the tilted surfaces 37 are produced by heating in 
reducing atmosphere as described above, the tilted surfaces 37 can be 
produced by a method such as the same etching as described above in 
Example 8. By etching or the like, a tilted surface in any shape can be 
produced on a substrate having any surface orientation. 

[Para 1 73] Although both the semiconductor layers 29 and 25 are made 
of Alo.5Gao.5N as described above, materials of the semiconductor layers 29 and 
25 may be AIGaN having a different composition from the above, or GaN or 
AIN. The semiconductor layers 29 and 25 may be made of different materials 
from each other. 

[Para 1 74] A thickness of the semiconductor layer 25 is set so that the 
semiconductor layer 25 is grown to be a continuous layer. For example, a 
thickness of the semiconductor layer 25 is preferably 0.005 Mm or more. 

[Para 1 75] In accordance with the present example, an upper surface of 
the Alo.5Gao.5N layer 25 exhibits steps, as described above. When a flat- 
surfaced substrate is required for fabricating a semiconductor device or the 
like, an upper surface of the resultant Alo.5Gao.5N layer 25 is made flat by 
polishing or the like. 
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EXAMPLE 13 



[Para 1 76] A semiconductor device according to Example 1 3 will be 
described below witPi reference again to FIG. 1 8. 

[Para 1 77] In Example 1 3, as shown in FIG. 1 8, an Alo.5Gao.5N layer 29 and 
an Alo.5Gao.5N layer 25 are grown on a substrate 1 in the same way as 
described in Example 1 2, except that a (0,0,0,1) 6H-SiC substrate, a (1 ,1 ,1 ) Si 
substrate, or a (1 ,1 ,1 ) CaAs substrate Is used as the substrate 1 . Steps 38 with 
tilted surfaces can be readily produced in the substrate 1 made of SIC, Si, or 
GaAs by appropriate wet etching, since these are semiconductor materials. 

[Para 1 78] An experiment was conducted for growing an Alo.5Cao.5N layer 
29 on the substrate 1 at a temperature in a range of 350° C to 1 000 °C. When 
the temperature was less than 400 'C, the Alo.5Gao.5N layer 29 was not grown. 
When the temperature was more than about 900 °C, the Alo.5Gao.5N layer 29 
was not grown to be a continuous layer. Therefore, a temperature of growth of 
the Alo.5Gao.5N layer 29 Is preferably set between about 400 °C and about 
900°C. 

[Para 1 79] When the growth temperature of the Alo.5Gao.5N layer 29 is 
about 900 °C or less, a lattice defect 1 1 0 does not bend and thus a low-defect 
region is not produced as described above In Example 1 1 . For this reason, 
after growth of the Alo.5Gao.5N layer 29, the Alo.5Gao.5N layer 25 Is grown at a 
temperature of 900 °C or more, whereby lattice defects 1 1 0 bend and low- 
defect regions 1 20 are produced. 

[Para 1 80] Although a certain surface orientation of the substrate 1 which 
allows a semiconductor layer with the certain orientation to be grown thereon 
is specified in Example 14, any surface orientation can lead to the same effects 
as described above. As for SIC, any other crystalline structure such as 4H-SIC 
and 3C-SiC may be used other than 6H-SiC. 

[Para 1 81] Although the semiconductor layers 29 and 25 are made of 
Alo.5Gao.5N as described above, materials of the semiconductor layers 29 and 
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25 may be AIGaN having a different composition from tPie above, or GaN or 
AIN. TPie semiconductor layers 29 and 25 may be made of different materials 
from each other. 



EXAMPLE 14 



[Para 1 82] A semiconductor device according to Example 1 4 will be 
described below. 

[Para 1 83] In the same way as described in Example 8 with reference to 
FIG. 1 1 , convex portions (ridges) 800a in the shape of a stripe are periodically 
provided on a hexagonal GaN (0,0,0,1) substrate 1 (see FIG. 1 1). 

[Para 1 84] An Alo.zGao.sN layer 25 with a thickness of 6 \irr\ is grown on 
the substrate 1 so as to cover the ridges 800a. When growing the Alo.2Gao.8N 
layer 25, a material containing Si, Se, Mg, or Zn is used to introduce impurities 
into the Alo.2Gao.8N layer 25. For the growth, the same MOCVD equipment as 
described in Example 1 can be used. As the source materials for supplying the 
above impurities, monosilane (SiH4), hydrogen selenide (H2Se), 
biscyclopentadienylmagnesium ((C5H5)2Mg), dimethylzinc ((CH3)2Zn) are used. 

[Para 1 85] A relationship between an impurity concentration in the 
Alo.2Gao.8N layer 25 and a surface state of the ridge 800a was studied. As a 
result, it was found that when an impurity concentration is more than about 
1x1021 cm-3, concave portions and convex portions each having a size on the 
order of hundreds of nm were generated on a surface of the ridge 800a. Such 
concave portions and convex portions lead to poor flatness of the Alo.2Gao.8N 
layer 25. In this case, desirable characteristics of the semiconductor device 
cannot be obtained. 

[Para 1 86] Consequently, an impurity concentration is required to be 
about 1 xl 021 cm-3 or less for fabricating a substrate used for a semiconductor 
device or the like. 
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[Para 1 87] A material containing the impurity is not limited to those 
described above. The impurity may be one of IV group elements such as Ge 
instead of Si, one of VI group elements such as O and S instead of Se, or one of 
II group elements such as Cd instead of Mg and Zn. Furthermore, the 
semiconductor layer 25 may be AIGaN, GaN, or AIN each having any 
composition, instead of above-mentioned Alo.zGao.sN. 



EXAMPLE 1 5 



[Para 1 88] A semiconductor device according to Example 1 5 of the 
present invention will be described below. 

[Para 1 89] In the same way as described in Example 8, convex portions 
(ridges) 800a in the shape of a stripe are periodically provided on a hexagonal 
GaN (0,0,0,1) substrate 1 (see FIG. 11). 

[Para 1 90] An Alo.2Gao.8N layer 25 is grown on the substrate 1 in a way to 
cover the ridges 800a. When growing the Alo.zGao.sN layer 25, a ratio between a 
mole supply amount of N (i.e., a mole supply amount of a V group element) 
and a total mole supply amount of Ga and Al (i.e., a mole supply amount of III 
group elements) is set such that a ratio of a mole flow rate of V group 
elements to a mole flow rate of III group elements (hereinafter referred to as 
the V/lll ratio) is in a range of 1 00 to 1 0000. In this case, a mole flow rate of 
the III group elements is constant. A growth temperature is in a range of 
900°Cto 1100°C. 

[Para 191] A relationship between the V/lll ratio and a period of time 
necessary for growing the Alo.2Gao.8N layer 25 in such a way that a concave 
portion 800b with a width of 5 [im is buried and an upper surface of the 
Alo.2Gao.8N layer 25 is made flat (hereinafter referred to as the 'preferable 
growth time') was studied. A result of this study is shown in FIG. 1 9. For any 
growth temperature in the above-described range, when the V/lll ratio is 
decreased, the preferable growth time is increased. When the V/lll ratio is 
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about 200 or less, growth of the Alo.zGao.sN layer 25 is the same as described 
in FIGS. 1 7A through 1 7C. That is, an upper surface of the Alo.2Gao.8N layer 25 
is not made flat. In this case, a low-defect region is not produced as shown in 
FIGS. 1 7A through 1 7C. To produce a low-defect region, the V/lll ratio is 
required to be about 200 or more, preferably about 1 000 or more. 

[Para 192] Although the semiconductor layer 25 is made of Alo.zGao.sN, a 
material of the semiconductor layer 25 may be AIGaN having a different 
composition from the above, or GaN or AIN. 

[Para 1 93] Various other modifications will be apparent to and can be 
readily made by those skilled in the art without departing from the scope and 
spirit of this invention. Accordingly, it is not intended that the scope of the 
claims appended hereto be limited to the description as set forth herein, but 
rather that the claims be broadly construed. 
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